Biotransformation of atrazine by the white rot fungus Phanerochaete chrysosporium was demonstrated by a 48% decrease of the initial herbicide concentration in the growth medium within the first 4 days of incubation, which corresponded to the mycelium-growing phase. Results clearly established the mineralization of the ethyl group of the herbicide. Analysis of the growth medium showed the formation of hydroxylated and/or N-dealkylated metabolites of atrazine during fungal degradation.
Atrazine [2-chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine; CAS 1912-24-9; ATZ; see Fig. 1 ] is one of the most widely used herbicides in the world for the control of annual grasses and broadleaf weeds in corn and sorghum. It is also used as a nonselective herbicide for vegetation control in noncrop land. ATZ microbial and chemical degradation is well documented in soils, where the herbicide often undergoes mineralization and hydrolytic and oxidative reactions (4, 5, 9) . Despite that apparent biodegradability, and because of its extensive use, ATZ has led to the contamination of terrestrial ecosystems and can be measured in ground and surface waters in many countries. Because of the public health and environmental significance of that pesticide contamination, an understanding of all of the mechanisms involved in ATZ removal is important. ATZ-containing soils and waters may be amenable to cleanup through bioremediation.
The well-known white rot fungus Phanerochaete chrysosporium has been shown to degrade a wide variety of environmentally persistent pollutants (for reviews, e.g., see references 1, 2, and 6), including the herbicides metolachlor and 2,4,5-trichlorophenoxyacetic acid (10, 13) , and offers potential applications in pollution management (2) . The ability of P. chrysosporium to degrade such a diverse group of pollutants could be due to the lignin-degrading system. This fungal lignin-degrading system includes two families of extracellular peroxidases designated lignin peroxidases and manganese peroxidases.
The purposes of the present study were (i) to show that P. chrysosporium is able to transform ATZ and (ii) to identify the metabolites produced during herbicide transformation. For degradation studies, spores were inoculated in 150-ml Erlenmeyer flasks containing 10 ml of a growth medium described previously (3) . It contained 0.5 g of NAT 89, a commercial phospholipid source supplied by Natterman Phospholipid GmbH (Cologne, Germany), per liter. Veratryl alcohol (0.4 mM) was added to the medium. The medium contained 2 ,uM ATZ consisting of a mixture of unlabeled and labeled (5 kBq) pesticides dissolved in 10 ,lI of acetone. The Erlenmeyer flasks were incubated without shaking in the dark at 37°C in one-liter sealed flasks in the presence of vials containing 10 ml of 1 N NaOH and 10 ml of water, respectively. The headspaces of the flasks were flushed with 100% oxygen for 1 min at the beginning of the experiments and then with air for 45 min every 4 days. The NaOH solutions were also replaced every 4 days.
MATERIALS AND METHODS

High
Growth was measured in terms of the dry weight of mycelium after filtration on glass fiber filters (GF/D, Whatman), which were subsequently rinsed with 10 ml of Milli-Q water and dried for 3 days at 400C. Eight-milliliter fractions of filtered medium were separated into aqueous and organic phases with 12 Lignin peroxidase activity in the extracellular fluid was determined by the rate of oxidation of veratryl alcohol to veratraldehyde by the method of Tien and Kirk (14) , except that 2 mM veratryl alcohol and 0.27 mM H202 were used. Lignin peroxidase activity was expressed in nanokatals: 1 nkat/ml is equivalent to 60 U/liter. Manganese peroxidase activity was determined spectrophotometrically by the method of Paszczynski et al. (12) with vanillylacetone as a substrate. lb/in2. Confirmation of the identity of the chlorinated metabolites was achieved by gas chromatography-mass spectrometry analysis by using a fragmentation pattern described previously (7) .
Each experiment was done in triplicate and repeated two times; the standard deviation was less than 10% of the mean.
The nomenclature of the metabolites of ATZ identified in this study is as follows: deethylatrazine [2-chloro-4-(amino)-6-(isopropylamino)-s-triazine], deisopropylatrazine [2- 
RESULTS AND DISCUSSION
Profiles of ATZ disappearance, lignin and manganese peroxidase production, and mycelium formation by P. chrysosporium are shown in Fig. 2 . After a 1-day lag period, 48% of the initial ATZ content was removed within the first 4 days of incubation, which corresponded to both the ligninolytic-enzyme-producing and the mycelium-growing phases. The ATZ content remained constant in the uninoculated sterile controls (data not shown).
To examine the fungal mechanisms of ATZ degradation, cultures of P. chrysosporium were incubated with ethyl-1-"4C-and ring-U-'4C-labeled pesticide. In these experiments, the mycelial growth and ATZ disappearance profiles are similar to those presented in Fig. 2 . Figure 3 shows that 14CO2 could be released from cultures incubated with chain-labeled ATZ and clearly established the attack of the ethyl group of the herbicide. Mineralization started after 1 day of incubation and amounted to 23.7% of the initial radioactivity after 16 days. In the same experimental conditions, ring-labeled ATZ underwent no mineralization. Whatever the labeling position of ATZ, no 14C02 could be trapped from uninoculated sterile controls. Evolution of the chain-labeled herbicide was calculated from mass-balance analysis. Radioactivities in the aqueous and organic phases of the medium as well as in the cell biomass are shown in Fig. 4 . The amount of "4CO2 released is reported for comparison. Water-soluble radioactivity amounting to 13.3% of the initial radioactivity was detected at the end of the experiment. In uninoculated sterile controls, water-soluble radioactivity did not exceed 1% of the initial radioactivity (data not shown). The organic phase contained the highest levels of radioactivity, which decreased markedly between days 1 and 4. No significant further evolution was noted through the end of the experiment. On the other hand, cell biomass incorporated increasing amounts of radioactive material at the beginning of the experiments. The maximal value of 17.9% noted on day 4 then decreased. The total radioactivity recovered throughout the experiments consisted of between 95.2 and 106.4% of the initial radioactivity.
The evolution of metabolites was monitored in the growth medium during incubation with [ring-U-14C]ATZ. Thin-layer chromatography and HPLC analysis of both the organic and aqueous phases obtained by medium fractionation showed the conversion of the herbicide to more-polar radioactive products having the chromatographic properties of deethylatrazine, deisopropylatrazine, hydroxyatrazine, and deethylhydroxyatrazine. The evolution of labeled ATZ content was in agreement with the profile presented in Fig. 2 . The main metabolite, deethylatrazine, accumulated between days 1 and 4 and reached 24% of the initial radioactivity by the end of the experiment (Fig. 5) . A similar formation pattern occurred for deisopropylatrazine, although it accumulated at a lower rate (4.5%). Hydroxyatrazine and deethylhydroxyatrazine contents increased much more linearly throughout the experiments; their amounts were 6.8 and 0.5% of the initial radioactivity, respectively. Finally, almost 5% of the initial radioactivity remained unidentified at the end of the experiments and may be attributed to very-polar compounds unretained on SCX or C18 cartridges. Table 1 summarizes the relative abundance of the most characteristic ions of ATZ and its chlorinated metabolites detected by gas chromatography-mass spectrometry analysis.
The present studies provide valuable information on the use of P. chrysosporium for the degradation of ATZ. The herbicide is partly converted to polar dechlorinated and/or N-dealkylated metabolites. These results agree with previous studies, in which dealkylation appeared to be the major and first mechanism involved in the microbial degradation of chloro-s-triazines (4, 9) . In general, soil fungi removed the ethyl group of 
